A total of 543 pigs (PIC 1050 Ã-327: PIC Hendersonville, TN) were used in 2 consecutive experiments with initial BW of 105 and 125 lb in Experiments 1 and 2, respectively. The objective was to validate the regression equations predicting growth rate and feed efficiency of growing-finishing pigs based on dietary NE content by comparing actual and predicted performance. Thus, the 5 treatments included diets with: (1) 30% dried distillers grains with solubles (DDGS), 20% wheat middlings, and 4 to 5% soybean hulls (lowenergy); (2) 20% wheat middlings and 4 to 5% soybean hulls (low-energy); (3) a corn-soybean meal diet (medium-energy); (4) diet 2 supplemented with 3.7% choice white grease (CWG) to equalize NE level to diet 3 (medium-energy); and (5) a corn-soybean meal diet with 3.7% CWG (high-energy). In Experiments 1 and 2, increasing dietary NE increased (linear, P < 0.01) final weight, ADG, and improved feed efficiency but decreased (P < 0.11) ADFI. Only small differences were observed between the predicted and observed values of ADG and feed efficiency, except for the low-energy diet containing the highest fiber content (30% DDGS, wheat middlings and soy hulls; diet 1). Carcass weight and carcass yield increased (linear, P = 0.01) with increasing dietary NE. Also, backfat depth increased (linear, P = 0.01), loin depth decreased (quadratic, P = 0.05), and lean percentage decreased (linear, P = 0.01) with increasing dietary NE (linear, P = 0.01). Jowl iodine value (IV) also decreased with increasing dietary NE. No differences (P > 0.26) in net energy caloric efficiency (NEE) on a live weight basis were observed with increasing dietary NE. Nevertheless, feeding 30% DDGS (diet 1) resulted in a poorer (P = 0.05) NEE on a carcass basis compared with feeding the other diets. In conclusion, the prediction equations provided a good estimate of growth rate and feed efficiency of growing-finishing pigs fed different levels of dietary NE except for the pigs fed low-energy diet containing highest fiber content (diet 1). 
Introduction
A meta-analysis was recently conducted to predict growth rate and feed efficiency of growing-finishing pigs based on dietary NE content, and results revealed that improvements in growth rate and feed efficiency could be obtained by increasing dietary NE (Nitikanchana et al., 2013 2 ). However, the magnitude of improvement in growth performance when increasing dietary NE will be minimized if dietary lysine is limit-ing. Therefore, this study was conducted to validate these newly developed prediction equations by comparing actual and predicted performance of growing-finishing pigs fed different dietary NE where dietary lysine was provided above the requirement.
Procedures
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in these experiments. The experiments were conducted at the K-State Swine Teaching and Research Center in Manhattan, KS. The facility was a totally enclosed, environmentally regulated, mechanically ventilated barn containing 38 pens (7.9 × 10.2 ft). The pens had adjustable gates facing the alleyway that allowed for 8 ft 2 / pig. Each pen was equipped with a cup waterer and a single-sided, dry self-feeder (Farmweld, Teutopolis, IL) with 2 eating spaces located in the fence line. The facility was also equipped with a computerized feeding system (FeedPro; Feedlogic Corp., Willmar, MN) that delivered and recorded diets as specified. Pigs had ad libitum access to feed and water.
A total of 543 pigs (PIC 1050 × 327: PIC Hendersonville, TN) were used in 2 consecutive experiments with initial BW of 105 and 125 lb in Experiments 1 and 2, respectively. There were 4 barrows and 4 gilts per pen and 13 to 14 pens per treatment. Pens of pigs were assigned to 1 of 5 dietary treatments in a completely randomized design while balancing for initial BW within study. The dietary treatments included 3 different levels of dietary NE by adding low-energy ingredients (wheat middlings or soybean hulls), 30% dried distillers grains with solubles (DDGS), or choice white grease (CWG) to a corn-soybean meal-based diet. Thus, the 5 treatments included diets with: (1) 30% DDGS, 20% wheat middlings, and 4 to 5% soybean hulls (low-energy); (2) 20% wheat middlings and 4 to 5% soybean hulls (low-energy); (3) a corn-soybean meal diet (medium-energy); (4) diet 2 supplemented with 3.7% CWG to equalize NE level to diet 3 (medium-energy); and (5) a corn-soybean meal diet with 3.7% CWG (high-energy). The difference in dietary NE content between high vs. medium and medium vs. low energy was 75 kcal/lb (166 kcal/kg) across all phases of feeding. The NRC ingredient library (chapter 17, NRC, 2012 3 ) was used as a reference for nutrient values in diet formulation except for DDGS. Samples of DDGS were analyzed for oil content (Ward Laboratories, Inc., Kearney NE; Table 1 .8980083] was used to calculate the standardized ileal digestible lysine (SID Lys) requirement at different dietary energy levels and BW. SID Lys was formulated at 105% requirement of the lightest BW pig fed the highest energy level in each feeding phase to ensure that the SID Lys intake was above the estimated requirement. All diets were fed in meal form and fed in 3 phases from 105 to 125, 125 to 167, and 167 to 216 lb in Experiment 1, and 125 to 169, 169 to 216, and 216 to 273  lb in Experiment 2 (Tables 2 through 7) . Thus, Experiment 1 was terminated prior to harvest at a lighter BW than in Experiment 2. Diet samples were collected from feeders during every phase and stored at -20ºC, then the proximate analysis was conducted on composite samples (Ward Laboratories, Inc., Kearney NE).
Pens of pigs were weighed and feed disappearance was recorded at d 9, 29, and 53 in Experiment 1 and at d 21, 44, and 74 in Experiment 2 to determine ADG, ADFI, and G:F. At the end of Experiment 2, pigs were individually weighed and transported to a commercial packing plant (Triumph Foods LLC, St. Joseph, MO) for processing and carcass data collection. Before slaughter, pigs were tattooed to allow for carcass data collection. Hot carcass weights were measured immediately after evisceration, and carcass criteria of backfat depth and loin depth were collected using an optical probe. Carcass percentage yield was calculated by dividing carcass weight at the plant by live weight at the farm. A processor proprietary equation that depended on backfat and loin depth was used to calculate percentage lean. Net energy caloric efficiencies (NEE) were calculated on a pen basis by multiplying total feed intake by the dietary NE concentration and dividing by total live or carcass weight gain. The carcass weight gain was obtained from subtracting HCW from the initial carcass weight by assuming 75% carcass yield across all pigs.
The experimental data were analyzed using the MIXED procedure of SAS (SAS institute, Inc., Cary, NC) where treatment was a fixed effect. Pen was the experimental unit for all data analysis. Significance and tendencies were set at P ≤ 0.05 and P ≤ 0.10, respectively. Analysis of backfat depth, loin depth, and percentage lean were adjusted to a common HCW. Contrast coefficients were used to evaluate linear and quadratic responses to dietary NE level.
Calculations of predicted performance
Prediction equations used in the analysis were used to calculate predicted ADG and G:F by feeding phase [ADG (g/day) = 0.1135 × NE (kcal/kg) + 8.8142 × Average BW (kg) -0.05068 × Average BW (kg) × Average BW (kg) + 275.99; G:F = 0.000096 × NE (kcal/kg) -0.0025 × Average BW (kg) + 0.003071 × fat (%) + 0.3257]. The actual BW at the beginning and end of each phase was averaged and used to represent the average BW in the equation. The total gain in each phase was then calculated by multiplying the predicted ADG and days on feed for each phase. Next, the total gain for each phase was divided with the predicted G:F in that phase to calculate the total feed intake for each phase. Lastly, the overall G:F was obtained by dividing the summation of total gain with the summation of total feed intake, and the overall ADG was calculated by dividing the summation of total gain with the overall days on feed. To accommodate the variation between baseline predicted and actual performance, the difference between predicted and actual growth performance of pigs fed the corn-soybean meal diet was used to adjust the intercept of the prediction equations, thus adjusting the growth performance of the other pens fed the other diets.
Results
The proximate analysis of diet samples was in agreement with the calculated values in the diet formulation for both Experiment 1 and 2 (Tables 8 and 9 ).
Experiment 1
For the overall period (d 0 to 53), increasing dietary NE resulted in increased final BW, ADG, and G:F but decreased ADFI (linear, P < 0.04; Table 10 ). Pigs fed the diet with wheat middlings and soybean hulls had greater (P < 0.01) ADG and G:F than those fed the diet containing 30% DDGS, wheat middlings, and soybean hulls; however, there was no difference (P = 0.83) in ADFI. Pigs fed the corn-soybean meal diet had similar ADG and ADFI (P > 0.34) but poorer feed efficiency (P = 0.05) compared with pigs fed diets with wheat middlings, soybean hulls, and CWG.
Only small differences between predicted and actual ADG and G:F were observed when feeding the diets, with the exception of pigs fed the lowest-energy, highest-fiber diet. The prediction equations overestimated ADG and G:F of pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls by 4.5 and 6.1%, respectively.
There was no difference in NEE on a live weight basis due to increasing dietary NE (P > 0.26). Nevertheless, feeding the diet containing wheat middlings and soybean hulls resulted in similar (P = 0.22) NEE for pigs fed diets with CWG but resulted in improved (P < 0.01) NEE compared with other diets. Pigs fed the wheat middlings and soybean hulls diet with CWG had NEE similar (P > 0.06) to those fed the cornsoybean meal diet with or without CWG but had improved (P = 0.03) NEE compared with those fed the diet containing 30% DDGS, wheat middlings, and soybean hulls. No differences in NEE were observed between pigs fed 30% DDGS diet, corn-soybean meal diet, and corn-soybean meal diet with addition of CWG.
Experiment 2
For the overall period (d 0 to 74), increasing dietary NE increased (linear, P < 0.01; Table 11 ) final weight, ADG, and G:F but tended (P = 0.11) to decrease ADFI. Pigs fed the diet containing wheat middlings and soybean hulls tended (P = 0.08) to have better feed efficiency than those fed the diet containing 30% DDGS, wheat middlings, and soybean hulls; however, there were no differences (P > 0.41) in ADG and ADFI. Pigs fed the diet with wheat middlings, soybean hulls, and CWG had similar (P > 0.14) ADG, ADFI, and feed efficiency to those fed the corn-soybean meal diet.
The prediction equations overestimated ADG and G:F of pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls by 3.2 and 6.1%, respectively; however, the predicted ADG and G:F of pigs fed with other diets were within the 95% confidence interval of the actual performance.
For carcass characteristics, carcass weight and carcass yield linearly increased (P = 0.01) with increasing dietary NE. In addition, backfat depth increased (linear, P = 0.01) and loin depth decreased (quadratic, P = 0.05) with increasing dietary NE, resulting in a reduction of percentage lean (linear, P = 0.01). Decreased (linear, P = 0.01) jowl IV was also observed with increasing dietary NE. Pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls tended to have lower carcass weight (P = 0.11), carcass yield (P = 0.01), and backfat depth (P = 0.06) but had greater lean percentage (P = 0.01) and jowl IV (P = 0.01) than pigs fed the diet containing wheat middlings and soybean hulls; however, there was no difference (P = 0.19) in loin depth. Pigs fed the wheat middling, soybean hulls, and CWG diet had lower (P = 0.02) carcass yield and greater (P = 0.01) jowl IV than those fed the corn-soybean meal diet, but there were no differences in carcass weight, backfat depth, loin depth, and percentage lean.
No differences (P = 0.35) in NEE on a live weight basis were observed with increasing dietary NE and across diets. Nevertheless, feeding the diet containing 30% DDGS, wheat middlings, and soybean hulls resulted in poorer (P = 0.05) NEE on a carcass basis compared with feeding other diets.
Discussion
An improvement in ADG and feed efficiency with increasing dietary NE in Experiments 1 and 2 generally agree with the prediction equations derived from the meta-analysis (Nitikanchana et al., 2013 6 ). These equations indicate a linear improvement in ADG and feed efficiency when dietary NE increases. Low feed intake was also observed with increasing dietary NE, indicating an adjustment of feed intake according to energy density to achieve a suitable amount of energy intake on a daily basis.
From the prediction equations, feeding diets with the same NE should result in similar ADG as long as the dietary SID Lys is adequate. This is based on the equations in which as long as pigs were fed adequate Lys, dietary NE was the only significant dietary predictor for growth rate. As predicted in both experiments, pigs fed the corn-soybean meal diet with added CWG had the best growth rate. Adding CWG to a diet with wheat middlings and soybean hulls to restore the dietary NE to those fed the corn-soybean meal diet resulted in a similar growth rate to feeding corn-soybean meal diet as predicted. This result was similar in both Experiments 1 and 2. However, pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls had lower ADG than those fed the diet with wheat middlings and soybean hulls that had the same dietary NE in both experiments. Average daily gain was 4.5 and 3.2% lower than predicted in Experiment 1 and Experiment 2, respectively, whereas ADG of pigs fed the diet with wheat middlings and soybean hulls was similar to the predicted value in both experiments.
Dried distillers grains with solubles, wheat middlings, and soybean hulls are fibrous ingredients that when combined together resulted in higher fiber than other diets in the experiments. The bulkiness property of dietary fiber would increase mastication time and stimulate the mechanoreceptors in the gastrointestinal tract, which will promote meal termination, thus limiting the meal size (Leeuw et al., 2008 7 ). Thus, when the fiber content of the diet is high enough, the pig may not be able to compensate for the increased eating time needed to consume the same amount of calories as with a high-energy density diet, leading to a lower growth rate. Nevertheless, the feed intake of pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls was not negatively affected compared with feeding the diet with only wheat middlings and soybean hulls even though the dietary fiber content was greater when DDGS was also included. Another effect of fiber to be considered is the increase in size and weight of gastro-intestinal tract. The proliferation of intestinal cells will result in a higher demand for energy to support the increase in protein turnover in the epithelial lining of the gut. Thus, energy requirements for maintenance are increased and a lower amount of energy from the diet is used for growth. This would explain the poorer ADG in pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls compared with those fed the diet with only wheat middlings and soybean hulls and may also explain the overestimation of the prediction equation. Another consideration would be that the NE of DDGS was overestimated. In this study, NE of DDGS was estimated to be 91 to 95% of NE of corn in diet formulation.
Little difference (0.25 to 2.2%) between observed and predicted feed efficiency was noted for all treatments except for pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls. For the pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls, feed efficiency was 6.1% lower than predicted in Experiments 1 and 2. The good agreement between determined and predicted feed efficiency from the prediction equation that accounts for fat content suggests that the value of adding fat to the diet is underestimated by NE calculations.
In the prediction equation for feed efficiency, both dietary NE and fat content were significant dietary predictors. Therefore, the equation predicted better feed efficiency for the wheat middlings and soybean hulls diet with CWG compared with the cornsoybean meal diet even though they had the same dietary NE content. Similarly, for pigs fed the 2 low-energy treatments, a better feed efficiency was predicted for pigs fed the diet containing 30% DDGS, wheat middlings, and soybean hulls due to the high dietary fat content.
The increased carcass yield, greater backfat depth, and decreased lean shown in this study are common observations when diets are increased in energy density (Stahly and Cromwell, 1979 8 ). In the present study, the reduced dietary NE was associated with incorporating wheat middlings, soybean hulls, and DDGS in the diets. Addition of these high-fiber ingredients increases gut fill, thus reducing carcass yield, which has been observed in several studies (Asmus, 2012 9 ), including the current results. The diet combination of DDGS, wheat middlings, and soybean hulls resulted in the lowest carcass yield compared with other diets, which also was the diet with the highest fiber content. Increasing dietary NE by adding CWG to the wheat middlings and soybean hulls diet or to the corn-soybean meal diet in this study did not improve carcass yield. Therefore, the increase in carcass yield with increasing dietary NE observed in the present study was driven mainly by the correlation with lower fiber content as dietary NE increased.
The interaction between energy intake and protein deposition has been described as a linear-plateau (Campbell and Taverner, 1988 10 ). The increase in energy intake results in greater protein deposition in a linear fashion until the maximum is reached, at which no further increase in protein deposition occurs. The addition of energy after the maximum point is then incorporated into body fat content. This relationship potentially describes the increase in backfat depth with increasing dietary NE, whereas no further improvements in loin depth were observed in our study.
In the current study, pigs fed the diet with wheat middlings and soybean hulls had jowl IV similar to those fed the corn-soybean meal diet. This finding disagreed with the results from Asmus ( 2012 7 ) and Salyer et al. (2012 11 ), who found an increase in jowl IV when 19 to 20% wheat middlings was added to the corn-soybean meal diet. Nevertheless, 4 to 5% soybean hulls were included in the diets with wheat middlings in our study, which may partly contribute to the difference in the responses. Adding CWG to the corn-soybean meal diet also resulted in a jowl IV similar to feeding a corn-soybean meal diet with or without wheat middlings and soybean hulls. However, when including CWG in the wheat middling and soybean hulls diet, jowl IV was significantly increased. A similar finding was also reported by Asmus (2012 9 ), who found an increase in jowl IV when feeding wheat middlings and DDGS, where a greater response was observed when CWG was added in this diet. In addition, the increased jowl IV when including DDGS in diets in this study was consistent with other studies that documented higher unsaturated carcass fatty acids determined by IV value with increasing DDGS (Asmus, 2012 If the NE system truly valued the ingredient energy content correctly, the NEE should be constant among diets. In our study, NEE calculated on a live weight basis was not affected by dietary NE in either Experiment 1 or 2. The NEE on a live weight basis of the corn-soybean meal diet with wheat middlings and soybean hulls with and without CWG was slightly lower than the rest of diets in Experiment 1, but was similar in Experiment 2. This discrepancy might be due to the variation in the source of wheat middlings or soybean hulls between experiments that affected the energy content of these by-product ingredients. The NEE on a carcass basis was also similar across diets except for the diet containing 30% DDGS, wheat middlings, and soybean hulls that demonstrated a greater (poorer) value due to a lower carcass weight gain from a negative impact on carcass yield with feeding this diet. Thus, this result may suggest that NE value of DDGS used in this study was overestimated.
The similar NEE across experimental diets suggested that the assigned NE values of ingredients used in this study which were based on NRC (2012) values (except for DDGS) can be used to determine NE level in the diet. Nevertheless, a discrepancy remained when calculating NEE on carcass basis due to a negative impact of carcass yield in a high-fiber diet containing DDGS. In conclusion, the prediction equations provided a good estimation of growth rate and feed efficiency of growing-finishing pigs fed different levels of dietary NE except for the pigs fed the highest-fiber diet with DDGS, wheat middlings, and soy hulls. These predictions of growth performance can then be used to model economic value of different dietary energy strategies. 2 The dietary treatments included 3 different levels of dietary NE by adding low-energy ingredients (wheat middlings or soybean hulls), 30% dried distillers grains with solubles, or choice white grease to a corn-soybean meal-based diet. The difference of dietary NE content between high vs. medium and medium vs. low energy was 75 kcal/lb (166 kcal/kg) across all phases of feeding. 3 Dried distillers grains with solubles. 4 95% confidence interval. 5 Values in parentheses are gain:feed. Statistics were done on a gain:feed basis. 6 The prediction equations used were [ADG (g/day) = 0.1135 × NE (kcal/kg) + 8.8142 × Average BW (kg) -0.05068 × Average BW (kg) × Average BW (kg) + 275.99; G:F = 0.000096 × NE (kcal/kg) -0.0025 × Average BW (kg) + 0.003071 × fat (%) + 0.3257] were used to calculate predicted ADG and G:F. The difference between predicted and actual growth performance of pigs fed corn-soybean meal diet was used to adjust the intercept of the prediction equations thus adjusting the growth performance of the other pens fed the other diets. 7 Net energy caloric efficiencies (NEE) were calculated on a pen basis by multiplying total feed intake by the dietary NE concentration and dividing by total live or carcass weight gain. The carcass weight gain was obtained from subtracting HCW with the initial carcass weight by assuming 75% carcass yield across diet. abcdef Within a row, means without a common superscript differ (P ≤ 0.05). 
